Calcyon regulates activity-dependent internalization of a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate (AMPA) glutamate receptors and long-term depression of excitatory synapses. Elevated levels of calcyon are consistently observed in brains from schizophrenic patients, and the calcyon gene is associated with attention-deficit hyperactivity disorder. Executive function deficits are common to both disorders, and at least for schizophrenia, the etiology appears to involve both heritable and neurodevelopmental factors. Here, we show with calcyon-overexpressing Cal OE transgenic mice that lifelong calcyon upregulation impairs executive functions including response inhibition and working memory, without producing learning and memory deficits in general. As response inhibition and working memory, as well as the underlying neural circuitry, continue to mature into early adulthood, we functionally silenced the transgene during postnatal days 28-49, a period corresponding to adolescence. Remarkably, the response inhibition and working memory deficits including perseverative behavior were absent in adult Cal OE mice with the transgene silenced in adolescence. Suppressing the calcyon transgene in adulthood only partially rescued the deficits, suggesting calcyon upregulation in adolescence irreversibly alters development of neural circuits supporting mature response inhibition and working memory. Brain regional immunoblots revealed a prominent downregulation of AMPA GluR1 subunits in hippocampus and GluR2/3 subunits in hippocampus and prefrontal cortex of the Cal OE mice. Silencing the transgene in adolescence prevented the decrease in hippocampal GluR1, further implicating altered fronto-hippocampal connectivity in the executive function deficits observed in the Cal OE mice. Treatments that mitigate the effects of high levels of calcyon during adolescence could preempt adult deficits in executive functions in individuals at risk for serious mental illness.
Introduction
Exertion of voluntary cognitive control via response inhibition and working memory facilitates goaldirected behavior, and is key to mature decision making. Working memory entails the ability to retain task-relevant information 'online,' to make a planned, goal-directed response, whereas response inhibition involves suppressing a conditioned tendency or habit to make a task-appropriate response. 1 Peak performance in both types of cognitive control is attained much later in life than for declarative or reference memory. 2, 3 For example, although infants older than 6 months can suppress attention to a 'distractor' stimulus to produce a task-appropriate response, their rate of correct inhibitory responses continues to improve until mid to late adolescence, at which point performance approximates adult levels. 4 Performance on spatial working memory tasks demanding cognitive flexibility similarly increases in adulthood. 5, 3 Brain-imaging studies indicate that age-related improvement in working memory and response inhibition correlates with increased activity in a highly distributed neural circuitry including both cortical and subcortical regions. 1, 6 However, little is known about the molecular or genetic mechanisms involved, although it is well established that adolescence is characterized by massive elimination of excitatory synapses in prefrontal cortex (PFC). [7] [8] [9] Deficits in response inhibition and working memory manifest as a variety of abnormal behaviors, including reduced flexibility in decision making, incessant rumination, impulsiveness, hyperactivity, as well as the inability to suppress emotionally disturbing memories. Such maladaptive behaviors are observed in a number of psychiatric illnesses, including bipolar disorder, depression, attention-deficit hyperactivity disorder (ADHD), schizophrenia and post-traumatic stress disorder, even when general cognitive deficits are absent. Given the late maturation of executive functions, it is perhaps not coincidental that these psychopathologies often emerge or intensify during adolescence. 10 Although these illnesses exhibit heritability, substantive evidence has yet to emerge to support a role for any gene or genetic pathway as a causal factor in executive function maturation during adolescence.
Calcyon is particularly a promising candidate in this regard for a number of reasons including studies implicating the calcyon gene in schizophrenia [11] [12] [13] [14] [15] and bipolar disorder. 16, 17 Additionally, calcyon is required for activity-dependent internalization of a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate (AMPA) glutamate receptors and long-term depression, 18 a form of synaptic plasticity associated with synapse elimination and circuit remodeling. [19] [20] [21] The elevated calcyon levels associated with schizophrenia [22] [23] [24] [25] would be expected to decrease excitatory transmission, consistent with findings suggestive of glutamatergic hypofunction in the etiology or pathophysiology of schizophrenia. 26, 27 Expression of calcyon is also significantly upregulated in the spontaneous hypertensive rat, currently the best studied rodent model of ADHD. 28, 29 Indeed, genome-wide scans, association studies and case studies point to q26, where the calcyon locus resides on chromosome 10 as the site of a susceptibility gene for ADHD. 30, 31 We tested the hypothesis that calcyon upreglation impairs response inhibition and working memory by assessing these executive functions in Cal OE transgenic mice, a murine model of elevated calcyon expression in brain as observed in schizophrenia. Response inhibition was measured using the Pavlovian paradigm of fear extinction after rapid aversive learning via contextual fear conditioning (CFC), 32 and spatial working memory with the Morris water maze. 33 Expression of the human calcyon (hCal) transgene in the Cal OE mice is dependent on CaMKIIa-tTA (tetracycline transactivator) driver expression. 34 CaMKIIa, like endogenous calcyon, is primarily expressed in the principal cells of forebrain nuclei. [35] [36] [37] [38] Transgenic calcyon shows a similar expression pattern. 39 Fear extinction behavior and working memory are developmentally regulated in rodents, as they are in humans.
2,40 Therefore, we also asked whether calcyon has a neurodevelopmental role by silencing the transgene during adolescence or in adulthood with the tTA protein inhibitor, doxycycline (Dox). Similarly, as excess synaptic pruning and/or abnormal synaptic development have been implicated in the etiology of diseases involving executive function deficits, 41 we also assessed the effects of calcyon upregulation on AMPA receptors in well-established nodes of the fear extinction/working memory neural circuitry.
Subjects and methods

Subjects
All animal procedures were approved by the Institutional Animal Care and Use Committee. The subjects were aCamKII-tTA (tTA) 34 (gift from Dr T Abel, U Penn) single-transgenic and TRE-Cal/tTA (Cal OE ) double-transgenic mice bred from matings of tTA and TRE-Cal single-transgenic parents, and identified by PCR of genomic DNA isolated from mouse tails. 39 Before carrying out the present studies, the TRE-Cal and tTA mice were backcrossed to C57Bl/ 6 for eight generations. Mice were housed two to three per cage with food and water freely available on a 12:12 h light-dark cycle, lights on at 0700 hours. All mice were kept with mothers for at least 3 weeks after birth, and the dams were provided with nesting material (cotton batting). Dox (20 mg ml) was administered ad libitum via tinfoil-wrapped standard cage bottles filled with a 5% sucrose solution in water, renewed three times a week. 42 
Behavioral procedures
Mice were handled for a week before the behavioral training. All training was done between 1100 and 1700 hours. All behaviors were videotaped and analyzed by an experimenter blinded to the animal's genotype.
CFC
The apparatus was 260-mm long, 30 mm at the floor and 85 mm at the top. The floor metal plates were separated by 5 mm. Each mouse was allowed to explore the apparatus for 5 min. On the following day, after a 45-s habituation period in the apparatus, each mouse received three foot shocks, 0.75 mA (Figures 1 and 3 ) and 0.5 mA (Figure 4) , 45 s apart, and was removed 45 s after the last foot shock. Freezing behavior, identified as immobility except that needed for breathing, was recorded for each 45-s period. Extinction was started 24 h after CFC training by placing mice in the apparatus for 5 min per day for 4 days; no foot shocks were delivered. The first day of extinction training (day 1) was also used as a measure of CFC memory.
Water Maze task
The apparatus was a tank, 120 cm in diameter. It was surrounded by walls on three sides on which salient extramaze cues were mounted. Titanium dioxide in the water made the submerged square platform (12 cm) not visible from the surface. The water temperature was 23 1C, and the platform was submerged at 11 cm below the surface in one of the four fixed locations. The center of each location was 23 cm off the wall and equidistant from the two closest starting points. The initial training consisted of five Silencing elevated calcyon early preempts deficits A Vazdarjanova et al daily sessions of three trials per day. At the beginning of the training, each mouse was placed on the platform for 30 s and the trials were initiated 30 s later. Each trial consisted of releasing a mouse into the water maze from one of the four starting locations in a pseudorandom order, allowing it to swim to location 1 until it mounted the platform and remained on it for 10 s. Latency to reach the platform was scored with a maximum of 60 s. The intertrial interval was 30 s. The reversal training consisted of four daily sessions (three trials per day). All parameters were kept the same, except that the platform was moved to location 2, which was diametrically opposite to location 1.
Spatial memory test
Spatial memory was assessed with probe tests conducted 2 days after the end of initial training (probe test 1) and reversal training (probe tests 2 and 3, Supplemental Figure 2 ). During a probe test, all procedures were the same as during training, except that the platform was removed. Performance was evaluated by measuring time spent in the target and opposite zones, proximity to the target location, initial latency to the target and the opposite platform locations, and number of crossings of these locations. Target and opposite zones were defined as circles (17 cm in radius) centered on the center of the respective platform locations. These zones covered 1/12th (8%) of the water maze surface. Analysis was done with EthoVision XT 7 (Noldus, Leesburg, VA, USA).
Working memory training
A week after the second probe test, the mice were subjected to 3 days of delayed match-to-sample training (four trials per day) according to the following protocol: (1) on each trial, the submerged platform was placed in one of the three fixed locations, none of which was location 2; (2) a platform of the same size was placed over the submerged platform, such that it was just above the water; (3) a mouse was placed on the above-water platform for 10 s; (4) the mouse was picked up from the above-water platform and that platform was removed (the submerged platform stayed in place); and (5) after a 10-s delay period, the mouse was released into the pool from a constant starting point and allowed 30 s to locate the platform. The performance of each mouse was evaluated by scoring the number of errors before reaching the current trial target area. An error was scored when the mouse swam through an area that was not a target for the current trial. Each area was defined as a circle with a 17 cm radius centered on the center of the respective platform position. As the area around location 2 was never a target, it was never reinforced. The mice tested for spatial reference memory and working memory had completed fear extinction testing 2 weeks earlier.
Immunohistochemistry
Mice were anesthetized with isoflurane, and the brains were quickly flash frozen in 2-methyl butane (Sigma, St Louis, MO, USA). The 20 mm-thick sections containing the dorsal hippocampus (HPC) and PFC were captured on slides and used for immunohistochemistry as described previously. 37 The anti-hCal antibody (Ab) was affinity-purified polyclonal rabbit Ab (1:100). 38 This Ab does not detect endogenous mouse calcyon. 39 Rabbit polyclonal or murine monoclonal antibodies specific for GluR1 and GluR2/3 were used at 1:50. The secondary antibodies were biotinylated anti-rabbit and anti-mouse Abs (1:600, Vector Laboratories, Burlingame, CA, USA). The signal from the secondary Abs was amplified with an ABC kit and visualized with cyanine 3 (CY3) TSA fluorescence system (PerkinElmer Life Sciences, Waltham, MA, USA). Nuclei were counterstained with SYTOX Green (Invitrogen, Carlsbad, CA, USA) or DAPI (Invitrogen) nucleic acid stains. Specificity of the staining was established by incubating control slides without either the primary or secondary antibodies.
Imaging and quantification
Mosaics of image stacks (z-stacks) from the HPC were collected with a Â 25 objective on a Zeiss AxioImager/ Apotome system (Thornwood, NY, USA). Excitation source intensity and exposure settings were first optimized and then kept constant for all brains. GluR1 and GluR2/3 labeling in the dendritic zone stratum radiatum of CA1 was quantified by measuring the 'per pixel' intensity from B40 000 pixels per image, representing a dendritic volume of B130 000 mm 3 in two to three images per animal. The values were expressed as percent of the average of the control mice.
Immunoblots
Forebrains of Cal
OE mice were homogenized with eight times volume using lysis buffer (150 mM NaCl, 2 mM EDTA and 1% Triton-X-100 in 50 mM Tris-Cl, pH 7.4) containing protease inhibitors (Roche) and nutated for an hour at 4 1C. Postnuclear supernatant fractions were obtained by centrifugation at 1000 g for 5 min at 4 1C. Proteins were resolved by SDS gel electrophoresis on step-gradient gels containing 8, 10 and 12% polyacrylamide, and transferred to polyvinylidene fluoride (PVDF) membranes. Blots were blocked with 5% non-fat dry milk in 1 Â PBST, probed with anti-FLAG HRP (Sigma) at 1:1000 dilution, and the signal developed using Amersham ECL Plus (GE, Piscataway, NJ, USA). The blots were stripped and reprobed with anti-Hsp90 antibody (BD Biosciences, Rockville, MD, USA) at 1:1000 dilution, followed by anti-mouse HRP (Jackson Immuno Research, West Grove, PA, USA) at 1:20 000.
Tissue for brain regional immunoblot studies was obtained from behaviorally naïve adult male Cal OE (n = 4) and tTA (n = 4) mice. Samples of infralimbic/ prelimbic PFC (IL/PrL) and dorsal HPC were taken using a tissue puncher (0.3 mm diameter) (Stoetling Instruments, Wood Dale, IL, USA) from 1 mm-thick sections of flash-frozen brains. Tissue was homogenized on ice in 0.1% SDS containing protease and phosphatase inhibitors (Roche) by brief (10 s) sonication. The blots were probed with rabbit polyclonal or murine monoclonal antibodies specific for GluR1 (CalBiochem, San Diego, CA, USA, 1:50), GluR2/3 (Chemicon, Temecula, CA, USA, 1:200) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH, Applied Biosystems/Ambion, Austin, TX, USA) (1:200 000). Immunoreactive bands were quantified using Image J (NIH), and the GluR band intensity normalized to that of GAPDH-immunoreactive bands in the same lane.
Glutathione-S-transferase pull-down and immunoprecipitation studies Equivalent amounts of glutathione-S-transferase (GST) or GST-GluR1 or GST-GluR2 or GST-GluR3 'C' terminus 43 were bound to glutathione resin (Amersham Biosciences) and blocked using 1% bovine serum albumin in binding buffer (150 mM NaCl and 1% Triton-X-100 dissolved in 20 mM TrisCl, pH 7.4) containing protease inhibitors (Roche, Basel, Switzerland). An equivalent amount of purified S-tagged hCal (residues 93-217) 18 was added to each sample, and nutated for an hour at room temperature in the binding buffer containing 1% bovine serum albumin. The resin was transferred to spin filters, washed five times with binding buffer and protein complexes eluted in gel-loading buffer as above. Blots were probed with S-protein HRP (Novagen) at 1:5000 dilution.
For the immunoprecipitation studies, Cal OE forebrain postnuclear supernatant fractions (precleared with non-immune immunoglobulin G resin) were added to equivalent amounts of either immunoglobulin G resin or anti-FLAG resin, and nutated overnight at 4 1C. After washing the resin in spin filters, proteins were eluted by boiling for 5 min in 2 Â SDS gel-loading buffer with 5% beta-mercaptoethanol (b-ME). Blots were probed with anti-GluR1 antibodies (Calbiochem) at 1:50 dilution, and reprobed with anti-GluR2/3 antibody (Chemicon International) at 1:500, anti-FLAG HRP (Sigma) at 1:1000 or anti-Hsp90 antibody (BD Biosciences) at 1:1000 dilution.
Statistical analyses
Group differences were evaluated with factorial and factorial mixed-design analysis of variance tests with between-group factors genotype and Dox treatment and within-group factor training or extinction, as appropriate. For the experiments where more than two groups were evaluated, a priori hypotheses were evaluated with Bonferonni/Dunn post hoc tests. Evaluating above chance levels for each group was done with a onesample t-test where the hypothesized mean was the 'at chance' level. The level of significance was set at 0.05.
Results
Fear extinction is impaired in the Cal
OE mice In the first set of experiments, we assessed response inhibition in the Cal OE and tTA mice with CFC fear extinction, which involves the ability to suppress the fear response during subsequent exposure to the conditioning context in the absence of the aversive stimulus. The tTA (n = 7) and Cal OE (n = 6) mice exhibited no differences in freezing behavior or number of crossings during exploration of the CFC apparatus either on the pretraining day (data not shown) or during the habituation period before the first foot shock (Figure 1a ). Additionally, both groups acquired fear of the CFC apparatus as revealed by a significant training effect (repeated-measures analysis of variance: F(3,33) = 123.06, P < 0.0001). There was neither a genotype effect, nor an interaction of training x genotype. The tTA and Cal OE mice also did not differ in their ability to recall or express memory for the CFC training (Figure 1b) , as indicated by comparably high levels of freezing during day 1 of extinction. Altogether, these findings indicate that abnormally high levels of calcyon do not disrupt learning, consolidation or retrieval of fear-motivated learning.
The Cal OE mice showed impaired CFC extinction, although, like controls, they did eventually learn to suppress fear of the CFC context once it was no longer paired with foot shock, as evidenced by a significant effect of extinction training (F(3,33) = 127.16, P < 0.0001; Figure 1b ). There were significant group Silencing elevated calcyon early preempts deficits A Vazdarjanova et al differences in the rate of extinction based on genotype (F(1,11) = 9.15, P = 0.011). The Cal OE mice showed higher freezing behavior on day 2 of extinction compared with the control mice (post hoc t-test: P < 0.001), and they also froze more on day 3 (P < 0.0001). These differences were not due to performance of day 1 of extinction (P = 0.804). These data suggest that high levels of calcyon throughout life impair fear extinction in adulthood. We address this point from a developmental perspective below.
Extinction behavior involves distinct phases of memory acquisition, consolidation, retrieval and expression. 32 Therefore, we analyzed the five 5-min extinction sessions on a per minute basis to assess whether the deficits observed in Cal OE mice involved impaired acquisition or consolidation/retrieval ( Figure  1c ). This analysis showed that like tTA mice, Cal OE mice eventually suppressed fear behavior within each one of the first three daily extinction sessions. (Extinction training effect for days 1-3: F(4,44) = 6.71; 10.43 and 3.37, P < 0.05; and no significant interaction between extinction training and genotype (F(4,44) = 1.04; 2.41 and 2.34, NS. Freezing levels on day 4 were too low ( < 10%) to yield meaningful results by this analysis.) Such behavior is indicative of intact acquisition of extinction learning. However, during the first 2 min of the extinction sessions on days 2 and 3, the Cal OE mice showed significantly more freezing than the tTA control mice (Figure 1c , P < 0.01 for minute 1 is shown). This difference in the early phase of each session is consistent with deficits in inhibiting the freezing response due to impaired consolidation and/ or retrieval of fear extinction learning.
Silencing the calcyon transgene in adolescence averts impairment in fear extinction A powerful feature of the tTA/TRE transgenic system is that it is possible to turn TRE transgene expression 'off' as well as back 'on' again because of the ability of a low concentration of Dox to inhibit the tTA protein in a reversible fashion. 42 The utility of Dox (20 mg ml À1 ) in silencing transgene expression was confirmed by hCal Ab staining of HPC and IL/PrL area of PFC (Supplementary Figure 1a) . Critically, these studies showed that Dox silencing of the calcyon transgene appears to be fully reversible within a 1-week drug washout period (Supplementary Figure  1a) . Immunoblotting studies confirmed that suppression occurs within 1 week of Dox treatment (Supplementary Figure 1b) .
We exploited the 'suppressible/reversible' feature of the tTA/TRE system to probe causality in the Cal OE fear extinction deficits. Adolescence is considered a 'critical period' for maturation of the neural circuitry involved in gating response inhibition and goaldirected behavior. 10 Therefore, we hypothesized that normalizing levels of calcyon with Dox during this period such as shown in Figure 2a would alleviate the behavioral deficits observed in the adult Cal OE mice. The 'adolescence Dox' study involved four groups: untreated Cal OE (n = 9) and tTA (n = 4); and tTADoxAdol (n = 6) and Cal OE -DoxAdol (n = 9). The DoxAdol mice were treated with Dox from postnatal days 28 to 49, a period thought to represent adolescence in rodents. 44 For comparison, we conducted a separate study with mice treated with Dox for a similar length of time in adulthood. The 'adult Dox' study involved an additional four groups: tTA (n = 7), Cal OE (n = 8), tTA-DoxAdult (n = 8) and Cal OEDoxAdult (n = 9; Figure 2a ). Immunohistochemical analysis after testing revealed hCal transgene expression in the forebrains of the Cal OE and Cal OE -DoxAdol, but not in the tTA mice or Cal OE -DoxAdult (Figure 2b ). Remarkably, Dox treatment during adolescence prevented the extinction deficits in the Cal OE mice as evidenced by the lower levels of freezing during days 2-4 in the Cal OE -DoxAdol mice compared with the Cal OE mice (P < 0.01 for all days; Figure 3b ). In both studies, there were no between-group differences for the tTA and tTA-Dox-treated mice, so we assessed that the Cal OE and Cal OE -Dox groups relative to a 'control' group comprised of both tTA and tTADox mice. As in the initial study (Figure 1b) , there were no differences between groups in both studies during exploration of the CFC apparatus on the pretraining day (data not shown) or before the first foot shock (Figures 3a and 4a) . The effects of CFC training were significant in both studies (repeatedmeasures analysis of variance: F(3,75) = 190.98, P < 0.0001 and F(3,87) = 31.37, P < 0.0001 for the Dox-Adol and Dox-Adult studies, respectively), as were those for extinction training (F(3,75) = 142.60 and F(3,87) = 92.32, P < 0.0001 for both) and genotype (F(2,25) = 6.69 and F(2,29) = 6.45, P < 0.01 for both). The control and Cal OE mice in both the Dox adolescence and adulthood studies also did not differ in their ability to acquire, recall or express memory for the CFC training as indicated by comparably high levels of freezing during day 1 of extinction (Figures 3b and 4b) .
The extinction training and genotype effects were due to higher levels of freezing of the untreated Cal OE groups on days 2-4 of extinction compared with the tTA controls (P < 0.01 for all days; Figure 3b and 4b) . Although the Cal OE -DoxAdol mice froze less than untreated Cal OE mice on days 2-4 of extinction, the Cal OE -DoxAdult mice froze less than untreated Cal OE mice on days 2 and 3, but greater than control mice on day 2 (Figure 4b ). Cal OE -DoxAdult mice froze significantly less than the Cal OE mice on day 2 of extinction (P < 0.05), but to an extent comparabe to them on days 3 and 4. When the data from the two Dox studies were normalized to the freezing behavior of control groups on day 1 of extinction, it was evident that the Cal OE -DoxAdult mice extinguish at a rate intermediate to both control and untreated Cal OE groups (Figure 4d ), whereas the extinction curve of the Cal OE -DoxAdol group closely paralleled that of the controls (Figure 4c) . Altogether, the results of the initial study (Figure 1 ) and the two Dox studies (Figures 3 and 4) suggest that (1) high levels of calcyon throughout life impair fear extinction in adulthood, (2) the deficit can be only partially overcome by suppressing the calcyon transgene during training and testing in adulthood, and 3) silencing the gene during rodent 'adolescence' averts the deficits.
Perseverative behavior of Cal
OE mice is avoided by silencing the transgene in adolescence To assess whether the extinction deficit reflects a broader impairment in executive functions, we tested the mice for perseverative behavior and working Silencing elevated calcyon early preempts deficits A Vazdarjanova et al memory deficits using the Morris water maze. This permitted assessment of spatial reference memory and spatial working memory in the same apparatus used for reference memory, with the mice performing the same behavior, with presumably the same motivation. Untreated Cal OE , Cal OE -DoxAdol and control mice were trained to locate, based on spatial cues, a submerged platform in the Morris water maze. Both groups of Cal OE mice performed on par with the control animals during training and on the initial reference memory probe test when the platform was removed and the mice were allowed to swim in the maze for 60 s (Supplementary Figure 2) . Cal OE mice could also learn, over the course of 4 days, a new location of the escape platform (Supplementary Figure 2) . However, during probe tests 2 and 3 conducted at 2 and 7 days after the end of the reversal training, respectively, Cal OE mice showed evidence of perseverative behavior by visiting the initial target location more often than did control mice. Although this perseverative behavior was only a tendency during probe test 2, it was unmistakable during probe test 3 ( Figure 5 ). Thus, as observed in the CFC and extinction studies, untreated Cal OE mice fell short on a task requiring suppression of a previously learned behavior, although basic associative learning and reference memory were not impaired. In contrast, the performance of the Cal OE -DoxAdol animals was comparable to that of controls as it had been in the CFC and extinction studies, although the two tasks required completely different behavioral responses (freezing versus swimming; Figure 5 ).
Cal
OE but not Cal OE -DoxAdol mice perseverate on a spatial working memory task We assessed executive functions in Cal OE mice further by testing working memory in the water maze. After exposure to the escape platform for 10 s, the mice were tested for recall of the current trial location of the escape platform following a delay of 10 s. Compared with controls, Cal OE mice committed more errors per trial during both early (day 1) and late (day 3) stages of this spatial working memory training (Figure 6a ). Suppressing calcyon overexpression during adolescence reversed this deficit, as reflected in the performance of Cal OE -DoxAdol mice, as it was on par with that of controls. Similarly, the Cal OE mice committed more perseverative errors, defined as crossings of the platform location used during the second reference memory training. This location was never reinforced during the working memory training. Nevertheless, Cal OE mice continued to visit the platform location from the previous reference memory training even in the late stages of the working memory task, whereas the control and Cal OE -DoxAdol mice visited this location at near chance levels (27 and 23%, respectively, versus 25% = chance, Figure 6b) . Hence, suppressing calcyon overexpression throughout adolescence is sufficient to preempt perseverative behavior on working memory tasks in adulthood.
Decreased AMPA subunits in the Cal OE IL/PrL cortex and HPC Calcyon regulates activity-dependent internalization endocytosis of AMPA receptors and AMPA-mediated long-term depression, a synaptic mechanism implicated in the activity-dependent remodeling of circuits during postnatal brain development. 18, 19, 21 Accordingly, we investigated the impact of calcyon upregulation on GluR1 and GluR2/3 subunit expression in key nodes of the fear extinction/working memory circuit by immunoblotting. The robust differences between GluR1 and GluR2/3 levels in the Cal OE and tTA mice suggested that the neural circuitry important for fear extinction and working memory is Figure 5 Perseverative behavior in Cal OE mice can be prevented by turning off calcyon overexpression during adolescence. Cal OE mice exhibit a higher number of perseverative errors than both control and Cal OE -DoxAdol mice (P < 0.01). A perseverative error is a target 1 crossing during probe test 2 or 3. Target 1 was an escape location only during the initial reference memory training (Supplementary Figure 2 ), but never during the reversal-learning task. Swim speeds did not differ between groups. Silencing elevated calcyon early preempts deficits A Vazdarjanova et al acutely sensitive to calcyon expression levels. Specifically, levels of GluR1 in HPC were reduced by more than 80% in the Cal OE samples (n = 4) compared with those in tTA mice (n = 4) ( Figure 7 ) (P = 0.001). GluR2/ 3 subunits were similarly downregulated in HPC, and IL/PrL areas of PFC of the Cal OE mice (P < 0.001). In contrast, GluR1 subunit levels in the Cal OE PFC did not differ from that of controls. Genotypespecific differences were not observed in either the BLA or striatal samples (Figure 7c, Supplementary  Figure 3) .
We also compared GluR1 (Figures 8a-c) and GluR2/3 (Figures 8e-g ) Ab staining in tissue sections of untreated adult Cal OE mice with those treated with Dox in adolescence (Figure 8) . Consistent with the immunoblot data, Ab staining of both AMPA subunits in the CA1 region of dorsal HPC of untreated Cal OE mice was significantly weaker than that of the tTA controls (Figures 8b-d and f-h) . Whereas GluR1 staining in CA1 of the Dox_Adol and Dox_Adult Cal OE mice did not differ from controls (Figure 8d ), GluR2/3 staining in the Cal OE To obtain further insight into potential mechanism(s) underlying this relationship, we conducted protein coprecipitation studies to assess whether calcyon and AMPA receptors physically interact. Consistent with this possibility, antibodies to transgenic calcyon, but not non-immune immunoglobulin G, immunoprecipitated GluR1 and Glur2/3 subunits from Cal OE brain homogenates (Figure 9a) . Pull-down studies further indicated that the proteins interact directly via cytoplasmic sequences. GST fusion proteins including the C-terminal tails of GluR1, GluR2 and GluR3 effectively retained S-protein fused to the C terminus of calcyon, whereas GST only did not (Figure 9b ).
Discussion
There are four main observations: (1) compared with littermate controls, Cal OE mice exhibited deficits in suppressing a learned response when it became no longer appropriate and exhibited perseverative behavior when performing tasks that required inhibition of a previously learned response; (2) despite such deficits, Cal OE mice exhibited normal aversion-cued, as well as reference learning and memory; (3) the response inhibition deficits and perseverative behavior were absent in adult Cal OE mice in which calcyon levels had been normalized during adolescence, but only partially attenuated in Cal OE mice in which calcyon overexpression was suppressed in adulthood; and (4) there were striking reductions in the AMPA receptor GluR1 and/or GluR2/3 subunits in HPC and the IL/PrL areas of PFC that were absent in Cal OE mice with the transgene silenced in adolescence.
Executive function deficits Cal OE mice, compared with controls, showed an inability to suppress behavior that is no longer required by the current task in that they demonstrated greater fear behavior during repeated exposure to a shock-associated context during extinction training. Their extinction deficits could not be attributed to difficulty updating the emotional valence of the contextual stimuli or suppressing fear behavior because within each daily extinction session, freezing decreased as a function of time. Instead, the much higher levels of freezing observed upon reintroduction to the extinction context suggest that the Cal OE deficits arise from impaired consolidation and/or retrieval of memory for fear extinction. PFC participates in the consolidation and expression of fear extinction along with other forebrain regions, including the HPC, BLA and nucleus accumbens. 32 Considerable evidence suggests that connections between HPC and PFC have an important role in retention of fear extinction. 45, 46 Based on reductions in AMPA receptors in the respective brain areas, our data indicate that altered connectivity between HPC and the IL/PrL areas of PFC could contribute to the extinction deficits of the Cal OE mice. Similarly, the lack of alterations in GluR levels in BLA is consistent with unimpaired BLA function as reflected in the ability of the Cal OE mice to acquire and recall the context-foot shock association as well as controls. 47 Difficulty inhibiting adaptive responses was also evident in the spatial working memory task by the tendency of the Cal OE mice to visit a location previously associated with escape. These were working memory deficits, as the same mice performed as well as controls during tests of reference memory in the same task. However, their tendency to perseverate was also evident in the reversal-learning probe tests. The errors in fear extinction, reversal-learning and working memory point to a general deficit in cognitive flexibility. Additionally, the perseverative behavior implicates IL/PrL and/or hippocampal dysfunction, as both brain regions are required for spatial working memory tasks involving delays of 10 s as in our experiments, [48] [49] [50] [51] whereas working memory tasks with short (B2 s) delays do not tap hippocampal functions. 49 During long delays, the HPC is proposed to assist the PFC in processing and remembering minimal cue information for relatively long periods, possibly by entraining y (4-12 Hz) rhythmic firing in PFC. 50, 52, 53 In light of the previously observed reduced anxietylike behavior in the open field, light-dark and elevated plus maze tasks, 39 the current results indicate that Cal OE mice exhibit complex deficits in control over behavior. Thus, multiple lines of evidence suggest that high levels of calcyon in forebrain disrupt executive functions. 54 As impaired executive functions are a hallmark of disorders such as ADHD and schizophrenia, this study, although conducted in rodents, provides strong evidence that calcyon overexpression contributes to the phenotype observed in these disorders. Intriguingly, recent work indicates that schizophrenic subjects, like the Cal OE mice, also show impaired expression of extinction memory but normal fear extinction learning. 55 Similarly, adults with ADHD show impairment in working memory and response inhibition tasks. 56 Altered AMPA expression in the fear extinction and working memory circuitry The alterations in AMPA receptor GluR1 and GluR2/3 subunits detected in Cal OE brain correspond well with the pattern of calcyon transgene expression. For example, GluR1 and GluR2/3 levels are significantly downregulated in HPC where they and the calcyon transgene are strongly expressed in pyramidal neurons in all Cornu Ammonis (CA) regions and dentate gyrus due to the expression of the CaMKII-tTA driver. 57 In cortex, transgene expression is limited to pyramidal neurons. Given this, the selective downregulation of GluR2/3 observed in IL/PrL presumably reflects the more prominent expression of these subunits in the same cells. Downregulation of GluR1 in cortex in pyramidal cells could be masked by the more dense expression of GluR1 in non-pyramidal cells in cortex. [57] [58] [59] [60] Indeed, the apparent lack of effect on AMPA subunit expression in BLA or striatum may reflect lower levels of transgene expression in these brain regions or greater discordance in the respective cellular expression patterns. Previous studies suggest calcyon associates with molecular machinery involved in clathrin-mediated endocytosis, 61 and that calcyon facilitates activity-dependent, clathrinmediated internalization of AMPA receptors. 18 Therefore, GluR1 and GluR2/3 downregulation could be attributed to inappropriately high levels of AMPA receptor endocytosis and subsequent degradation of these subunits. Further, the protein coprecipitation and pull-down data suggest that the downregulation of GluR1 and GluR2/3 is, in part, mediated by direct association with calcyon. However, as silencing the transgene in adolescence is sufficient to reverse the alterations, a major finding reported here is that altered neurodevelopment has a role in the adult AMPA receptor deficits. Similarly, stable alterations in the circuitry or molecules regulating GluR2/3 expression could explain the failure of silencing the calcyon transgene in adulthood to completely reverse the reduction in GluR2/3 levels.
The possibility that downregulation of hippocampal and IL/PrL AMPA receptors contributes to the behavioral deficits is consistent with numerous studies indicating that GluRs has a role in fear extinction [62] [63] [64] [65] and working memory. 66 For example, GluR1 knockout mice, much like the untreated Cal OE mice that express B15% of normal GluR1 in HPC, exhibit deficits in spatial working memory, but perform normally in tests of spatial reference memory. [67] [68] [69] Restoration of hippocampal GluR1 partially rescues the deficits in GluR1 knockout mice. 70 Similarly, we found that GluR1 levels in HPC of Cal OE -DoxAdol mice are comparable to those of controls, consistent with their 'normal' performance in reversal-learning and spatial working memory. On the other hand, low GluR2/3 levels in IL/PrL could underlie the fear extinction deficits of the Cal OE mice, as contextual fear extinction performance correlates well with GluR2/3 subunit expression in PFC. 64, 65 Further, the failure of Dox in adulthood to fully reverse the Glur2/ 3 deficits correlates with the partial rescue of the extinction deficits observed in the Cal OE -DoxAdult mice.
Altered cortical excitability could also explain the inability of silencing the transgene in adulthood to fully rescue the Cal OE behavioral deficits. The general downregulation of hippocampal excitatory output in the Cal OE mice, a potential consequence of reduced GluR1 and GluR2/3 levels, would be expected to lessen the ability of HPC to entrain the PFC during spatial working memory tasks. 50, 52 Either a selective decrease in GluR2/3 subunits 71 or a general downregulation of AMPA receptors in pyramidal neurons in cortex could produce alterations in excitability and render the PFC less capable of integrating signals from other cortical and subcortical areas such as HPC. 45 Anatomical and brain-imaging data suggest that forebrain regions undergo extensive remodeling at the circuit level during adolescence. Calcyon regulates NMDA (N-methyl-D-aspartic acid) and activitydependent synaptic plasticity, a mechanism proposed to accomplish both the loss of some connections and the strengthening of others during development. 18, 19 Therefore, transgene upregulation during adolescence, especially, could exert a long-term impact on adult behavior by disrupting activity-dependent developmental mechanisms involved in maturation of circuits important for working memory and response inhibition. Alternatively, the partial rescue in adulthood can be explained by proposing that there is a 'sensitive period' for establishing optimal functional connectivity in the HPC-PFC system. Our data suggest that this period includes adolescence, consistent with the reported peak in synaptic proteins, including glutamatergic NMDA and AMPA receptors associated with plasticity in the HPC and cortex shortly before and during early adolescence.
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Silencing elevated calcyon early preempts deficits A Vazdarjanova et al
Conclusion
Adolescence is considered a 'critical period' for maturation of PFC and a network of limbic structures involved in gating response inhibition and goaldirected behavior. 74 Further, the maturation of working memory is influenced by neurodevelopmental events, intrinsic as well as extrinsic to the PFC. 2, 75, 76 Taking advantage of the inducible and reversible feature of the tTA/TRE transgenic system, we show that Dox treatment during rodent adolescence effectively preempts the working memory and extinction deficits typically observed in adult Cal OE animals. Although several animal studies have investigated the influence of early untoward experiences and environmental factors (for example, stress) on adult executive functions 77, 78 to our knowledge, this is the first to address the impact of alterations in a single gene during early postnatal development. Similar approaches could be fruitful in identifying other genes involved in the maturation of executive functions or in assessing the contribution of other developmental periods.
Based on the performance of Cal OE mice in three different behavioral paradigms, this work supports the hypothesis that environmental conditions and/or genetic alterations resulting in supranormal calcyon levels during adolescence undermines neural processes involved in the maturation of adult working memory and response inhibition. These findings have clinical as well as neurodevelopmental implications by linking two observations of schizophrenia in postmortem analyses: elevated levels of calcyon [22] [23] [24] [25] and GluR2 in PFC. 79 Additionally, hippocampal deficits and/or disrupted fronto-temporal lobe 80 or fronto-hippocampal connectivity are frequently reported in subjects with schizophrenia, their firstdegree relatives and offspring. [81] [82] [83] [84] Importantly, longitudinal studies of the non-psychotic relatives and offspring of schizophrenics indicate that executive function deficits can be detected even in adolescence, and deteriorate with age. 85, 86 In light of the degenerative nature of these deficits and the marginal efficacy of the currently available antipsychotic medications when used in adults, 87, 88 the present findings make a strong case for further investigating the therapeutic merits of early interventions to avert or mitigate later losses in executive functions, and specifically highlight adolescence as a 'window of therapeutic opportunity.'
